Advanced glycation end products (AGEs), generated by the Maillard reaction, accumulate in long-lived proteins like collagen and are presumed to be involved in aging and the pathogenesis of complications in diabetes. We investigated the effect of peptide-free forms of AGEs that can be released by the catabolism of AGE-proteins on cellular activities using cultured cells and synthetic AGEs, pentosidine and pyrraline. The exposure of cultured fibroblasts to 15 or 30 µM of pentosidine resulted in the partial inhibition of cell proliferation and production of extracellular matrix (ECM) proteins. Pentosidine also inhibited the proliferation and ECM protein production of chondrocytes, but its effect on cell proliferation was weak while that on ECM production was prominent, as compared with the effect of pentosidine. A similar inhibitory effect on cell proliferation was observed when fibroblasts or chondrocytes were exposed to pyrraline. Pentosidine and pyrraline did not cause cell death in these cells. Pentosidine appeared to enter the cells during the culture. These results suggest that peptide-free forms of AGEs affect cell growth and cell metabolism by acting both extracellularly and intracellularly.
INTRODUCTION
Long-lived proteins are highly susceptible to advanced glycation processes by way of the Maillard reaction. 1, 2) The advanced glycation end products (AGEs) formed on such proteins have been implicated as one of the major factors responsible for the pathogenesis of various complications in diseases such as diabetes. 3, 4) Collagen is one of the long-lived proteins and is a major constituent of bone, cartilage and dermal tissue. Recent studies have demonstrated that cartilage accumulates pentosidine, 5) a well-identified AGE, compared with other tissues, and its level increases linearly with age after 20 years, whereas it is relatively low in dermal tissue. 6) It is known that collagen in tissues acts as a substratum for cell spreading, and that it modulates various cell activities such as adhesion, morphology, growth, and differentiation. 7) The cell growthsupporting property of collagen is lost by glycation, 8) but the mechanism underlying the restriction of cell proliferation as a result of glycation of collagen has not been clarified. Glycated collagen was found to be metabolized, and some of the AGEs are released, in peptide-free forms, into the circulatory system. 9) Thus, it is of interest to determine whether such free forms of AGEs exert any disadvantageous effect on cells.
In this study, we investigated the effect of the peptide-free form of pentosidine 10) on cultured fibroblasts and chondrocytes in vitro, particularly on their growth and extracellular matrix (ECM) protein production. The effect of another AGE, pyrraline, 11) was also examined. 13) These synthesized products were confirmed to be pure compounds according to 1 H-nuclear magnetic resonance (NMR) spectrometry and electrospray ionization (ESI) mass spectrometry. Cell Preparation and Culture ---Human epidermal fibroblasts were purchased from Asahi Techno Glass (Japan). Articular chondrocytes were isolated from the knee and shoulder joint cartilage of a New Zealand white rabbit (6-week-old) after it had been administered an anesthesia according to the method of Green 14) with slight modifications. The handling of animals to obtain the chondrocytes was approved by the local animal ethics committee at the School of Pharmacy, Tokyo University of Pharmacy and Life Science. Fibroblasts and chondrocytes were cultured in DMEM supplemented with 1% FBS, 100 U/ml penicillin G and 100 µg/ml streptomycin sulfate at 37°C in a humidified 5% CO 2 atmosphere using 96-well culture plates (2 × 10 5 cells/ well/0.2 ml) and 24-well culture plates (1 × 10 4 cells/ well/ml), respectively. All cells used in this study were taken from the culture between passages 2 and 4. Measurement of Cell Proliferation ---Cell proliferation was assessed by the measurement of viable cells or [ 3 H] thymidine incorporation. The number of viable cells in culture was assessed using a Cell Counting Kit-8 which colorimetrically measured intracellular NADH, 15) according to the manufacturer's instruction.
MATERIALS AND METHODS

Reagents
[
] Thymidine Incorporation into cell DNA was measured as described below. On day 1, 3 or 5, 1 µCi (3.7 × 10 4 Bq) of [6-3 H] thymidine (74 GBq/mmol) was added to the medium of fibroblasts in culture. After 12 hr, the medium was removed and the remaining cells were dissolved with 1 ml of 0.2 M NaOH for 30 min. Then, 20 µl of 1% bovine serum albumin (BSA) solution and 500 µl of ice-chilled 20% trichloroacetic acid (TCA) were added. The TCA precipitate was collected onto a glass fiber filter (GF/C, Whatman) and was successively washed with 10% TCA and methanol. The radioactivity on the filter was measured in a scintillator (Econofluor ® -2, Packard Instrument Co., CT, U.S.A.) using a liquid scintillation counter (LSC-3500, Aloka Co., Japan).
Determination of Extracellular Matrix Content
---The amounts of collagen and proteoglycan produced by fibroblasts and chondrocytes into the culture medium were determined using a test kit (Biocolor, U.S.A.) according to the manufacturer's instructions. Evaluation of Intracellular Pentosidine Concentration ---The intracellular pentosidine content of fibroblasts following its internalization was determined by high-performance liquid chromatography (HPLC). 15) After the cells cultured with or without pentosidine were washed with 10 mM phosphate-buffered saline, pH 7.3 (PBS), several times, they were destroyed by ultrasound sonication. Immediately thereafter, the destroyed cells were transferred to a microtube and then centrifuged at 9000 × g for 20 min. The supernatant obtained was subjected to HPLC analysis for pentosidine. Morphological Evaluations ---The morphology of the cells treated with pentosidine was observed by phase-contrast microscopy. The occurrence of apoptosis was determined by staining the cell nuclei using Hoechst 33258, according to the method of Oberhammer et al.
16)
Statistical Analysis ---The data obtained were expressed as the mean ± S.D. of 3 determinations. An unpaired t-test was used to assess differences between the control and AGEs treatment. A p value of less than 0.05 was considered statistically significant.
RESULTS
Human fibroblasts proliferated linearly in proportion to the cultivation period, up to 5 days, as assessed by the intracellular NADH content of viable cells (Fig. 1A, circle) . The rate of cell proliferation was significantly decreased following treatment with 15 or 30 µM pentosidine for 3 to 5 days (Fig. 1A, triangle and square) . The inhibitory effect of pentosidine on the proliferation of fibroblasts was confirmed by [ 3 H] thymidine incorporation into the growing fibroblasts. The radioactivity incorporated into the fibroblasts treated with 15 or 30 µM of pentosidine was significantly lower than that in the control (Fig. 1B) . The production of ECM protein collagen and proteoglycan from the fibroblasts into the culture medium was significantly inhibited by pentosidine ( Fig. 2A and B) . We then investigated whether another type of cell is susceptible to the in-hibitory action of pentosidine, using rabbit articular chondrocytes. The proliferation of chondrocytes was only slightly inhibited by pentosidine at 30 µM (Fig. 3) . In contrast, the production of collagen and proteoglycan was strongly inhibited by pentosidine at 15 and 30 µM (Fig. 4A and B) . A peptide-free form of pyrraline, another AGE, was also examined for growth inhibitory action on fibroblasts and chondrocytes. The cell proliferation of fibroblasts was strongly inhibited by 15 and 30 µM of pyrraline throughout the culture period, except at 15 µM on day 5 (Fig. 5A) . However, such an inhibitory effect was not observed in the case of chondrocytes (Fig. 5B) .
Neither morphological changes nor apoptosis were observed for the fibroblasts and the chondrocytes cultured in the presence of pentosidine or pyrraline (data not shown). Hence, the cells were not likely to be dying under the conditions employed.
The extracellularly added peptide-free form of pentosidine appeared to enter the cells, since a significant amount of pentosidine was found to be associated with the cells (0.95 pmol/1 × 10 5 cells) 
Fig. 2. Effect of Pentosidine Exposure on ECM Protein Production by Cultured Fibroblasts
A, collagen; B, proteoglycan. ᭺, control; ᭝, 15 µM pentosidine; ٗ, 30 µM pentosidine. Data are presented as described in the legend to Fig. 1 .
Fig. 3. Effect of Pentosidine Exposure on the Proliferation of Chondrocytes
Rabbit chondrocytes were cultured in the absence or presence of pentosidine, and their proliferation was assessed by the colorimetric method as described in MATERIALS AND METHODS. ᭺, control; ᭝, 15 µM pentosidine; ٗ, 30 µM pentosidine. Data are presented as described in the legend to Fig. 1. when the fibroblasts were exposed to 15 µM of pentosidine for 5 days.
DISCUSSION
The present study is the first to examine the effect of peptide-free forms of AGEs on cellular activities. Pentosidine was used as a glycoxidation product, 17) an AGE generated by glycation involving oxidative pathways, and pyrraline was used as an AGE formed via a non-oxidative pathway. 18) Until now, the effects of AGEs in vitro have been evaluated using AGE-proteins. AGE-BSA was reported to have an inhibitory effect on the calcium signaling of glomerular cells, 19) and to increase the expression of mRNA for vascular endothelial growth factor in human retinal pigment epithelial cells. 20) Kawano et al. 8) demonstrated that the proliferation of fibroblasts in vitro was suppressed when they were plated on AGE-collagen. It was also reported that the exposure of human fibroblasts to AGE-modified β 2 -microglobulin and albumin resulted in a decrease in collagen synthesis. 21) Although the mechanisms of the inhibitory actions of AGE-proteins have not been elucidated, it is possible that AGE-proteins affected the cellular activities through binding to the cell surface, since receptors for AGEs have been reported to be present on various types of cells. 22) The present study indicated that peptide-free forms of AGEs also suppress cellular activities. Free pentosidine was inhibitory against growth and ECM protein production in fibroblasts and chondrocytes. In the case of fibroblasts, while growth inhibition was observed on day 3 and later, the decreased production of collagen and proteoglycan was observed only on day 5. Therefore, it is conceivable that the decrease in the production of the extracellular matrix proteins is simply due to the decrease in cell growth. On the other hand, in the case of Human fibroblasts and rabbit chondrocytes were cultured in the absence or presence of pyrraline, and their proliferation was assessed by the colorimetric method as described in MATERIALS AND METHODS. Data are presented as described in the legend to Fig. 1. chondrocytes, the decrease in the production of ECM proteins was much greater than that in cell growth. Hence, the production of these ECM proteins may have been suppressed by the inhibition of protein synthesis and/or their secretion.
Chondrocytes were less susceptible to the growth inhibitory action of pentosidine and pyrraline than fibroblasts. The susceptibility of cells to the toxic actions of AGEs may be different by cell type.
Free pentosidine was suggested to enter the cells. Thus, it is possible that the observed inhibitory effects of pentosidine resulted from the binding of pentosidine to some intracellular components regulating cell growth and metabolism, as well as from binding to cell-surface receptors for AGEs.
The level of the peptide-free form of pentosidine in plasma is very low. We previously reported that the total concentration of plasma pentosidine, including peptide-bound and -free forms, was below 500 nM in the healthy control. 12) On the other hand, plasma pyrraline in the peptide-free form amounted to 80 ± 30 nM in healthy control subjects and 440 ± 173 nM in uremic patients. 23 ) Therefore, the micromolar order concentration of the free forms of AGEs may not arise in biological fluids under physiological conditions. However, oxidative stress can cause and accelerate pentosidine formation, as seen in rheumatoid arthritis, 24, 25) uremic [26] [27] [28] and diabetic subjects, 27, 29) in which markedly high AGE levels in plasma were observed. Therefore, the concentrations of AGEs employed in the present study could occur locally under unhealthy conditions. Further investigation is necessary to elucidate the role of peptidefree AGEs in the etiology of abnormalities in cell behavior, growth and metabolism.
